The paper reports on a long-wave infrared (cut-off wavelength ~ 9 µm) HgCdTe detector operating under unbiased condition and room temperature (300 K) for both short response time and high detectivity operation. The optimal structure in terms of the response time and detectivity versus device architecture was shown. The response time of the long-wave (active layer Cd composition, xCd = 0.19) HgCdTe detector for 300 K was calculated at a level of τs ~ 1 ns for zero bias condition, while the detectivity − at a level of D * ~ 10 9 cmHz 1/2 /W assuming immersion. It was presented that parameters of the active layer and P + barrier layer play a critical role in order to reach τs ≤ 1 ns. An extra series resistance related to the processing (RS+ in a range 5−10 Ω) increased the response time more than two times (τs ~ 2.3 ns).
Introduction
The room operating temperature condition of long-wave (8−12 µm, LWIR) detectors is the key research area in the infrared technology covering many applications [1] . Those new applications directly contribute to stringent (especially for zero bias and room temperature T ~ 300 K) operating conditions -a short response time (< 1 ns) and a high detectivity corresponding to the background limited photodetector − BLIP (> 10 9 cmHz 1/2 /W) [2] . The requirement of the zero bias structures is mostly related to the fact that biased structures operating under non-equilibrium conditions exhibit an increase of 1/f noise, while the lack of cooling reduces the cost of the devices [3] . According to the experimental results presented in our previous papers, the LWIR HgCdTe N + πP + n + (π stands for a low doped p-type active layer) photodetectors operating under non-equilibrium conditions and room temperature reach a response time in a several nanosecond range and an optimized detectivity (p type absorber's doping < 10 16 cm −3 ) − D * ~ 10 10 cmHz 1/2 /W (assuming that the detector is immersed) [4−8] .
For unbiased structures a fast loss in a signal due to a high rate of recombination in the absorber region and a very short passage time of carriers through the depletion area play the decisive role in ultra-fast response operation. To fabricate a detector exhibiting both short response time and high detectivity operating under zero bias conditions, multilayer heterostructures must be implemented. In terms of a short response time, the p-type absorber is more useful due to high carrier ambipolar mobility. Additionally, in terms of reaching a high detectivity, in the fundamental approach, the p-type HgCdTe active regions exhibit the best compromise between the requirement of high quantum efficiency and a low thermal generationrecombination (GR) rate [9] . The mentioned complex multi-layer structures should consist of proper doping and composition gradient layers. Our main contribution to the field in comparison with the well-known three-layer N + pP + structure invented and introduced by Elliot et al. for non-equilibrium conditions is intentional doping and composition gradient layers at heterojunctions (interfaces) [10−17] .
The paper deals with the theoretical simulation of a photodetector for fast response conditions (< 1 ns) based on epitaxial HgCdTe multi-layer graded gap architecture. The detector structure was simulated with APSYS software by Crosslight Inc. [18] . A time response of the LWIR HgCdTe detector with the active layer composition xCd = 0.19 at T = 300 K was estimated at a level of τs ~ 1 ns for a series resistance RS = 0.77 Ω (an extra series resistance RS+ = 0 Ω). It was shown that the extra series resistance, related to the processing (RS+ in the range 5−10 Ω) increased the response time more than two times (τs ~ 2.3 ns) for zero bias condition.
Architecture for unbiased condition
A graph of the simulated multilayer N + pP + n + structure for unbiased condition and operating in room temperature exhibiting both short response time and high detectivity is presented in Fig. 1 , where detailed input parameter values of included gradient layers (interface layers) with proper doping and composition gradients are shown. Other parameters taken in modelling of LWIR detector are presented in Table 1 . As mentioned above, the highly doped p-type active layer will be preferable to meet the requirement of a short time response. Both N + and P + wide bandgap barrier layers should be highly doped (ND, NA > 10 17 cm −3 ) to minimize the diffusion length for carriers generated in regions close to the electric contacts and device resistance. Additionally, a highly doped n + (ND > 10 17 cm −3 ) layer provides a low resistance contact to metallization. In addition, the N + contact/barrier layer plays also the role of a radiation window and should be chosen in relation to absorber in terms of xCd to determine an appropriate cut-on wavelength of the photodetector. Optimization regarding a short response time and high detectivity is difficult due to the fact that both parameters rule out one another. Since the detector operates under zero bias, it was assumed that detectivity was limited by thermal Johnson-Nyquist noise. In addition, the structure could be optimized in terms of a short response time without a significant reduction in detectivity by assuming the immersion effect increasing detectivity by ~ n 2 , where n stands for the GaAs substrate refractive index, according to the relation:
where: Ri, kB, Ro, A stand for current responsivity, the Boltzmann constant, a resistance at zero bias and the detector's electrical area, respectively. In terms of a response time the photocurrent dependence on time was used, where time for a 1/e drop from the photocurrent's maximum value was assessed. The dependence of the response time and detectivity on the complex multilayer architecture, i.e. xCd composition, d thickness, NA, ND doping of a single layer and doping gradients, was simulated. In addition, the dependencies of the structure resistance and capacitance on the structural parameters were presented. The numerical simulation of the HgCdTe multilayer hetero-structure was performed by APSYS platform (Crosslight Inc.). The numerical model implemented in APSYS platform incorporates HgCdTe GR mechanisms. The absorption's coefficient (α), temperature, doping and composition dependence were assumed (for T = 300 K and active layer composition, xCd = 0.19, α = 137923 m −1 ). All equations describing GR models and parameters as intrinsic concentration, bandgap energy, carrier mobility, dielectric constants used in simulations were taken after the monograph by Capper and the APSYS manual [18−20] The energy band profile calculated for the p type active layer NA = 10 17 cm −3 (NA > 3ni ~ 3.6 × 10 16 cm −3 ) and T = 300 K is presented in Fig. 2a . Composition and doping gradients at the interface between the N + contact and p-type doped active layers were chosen in order not to generate discontinuities in the energy band profile among main constituent heterojunctions of the N + pP + n + structure. The electric field drops mostly on that interface (E ~ 15 × 10 3 V/cm), which is shown in Fig. 2b . In addition, the electric field dependence on P + barrier composition (xCd = 0.25−0.45) is also shown pointing out that the P + layer xCd marginally contributes to the electric field drop along the structure. It is clearly visible that for zero bias condition the electric field does not drop on the active layer, meaning that the response time is fundamentally limited by diffusion of the photo-generated carriers.
Both absorber's doping NA and absorber's thickness d have a significant impact on the response time. The absorber's doping influence on the response time is presented in Fig. 3a . The diffusion time depends on the distance range between the generation and depletion areas, meaning that the response time will be suppressed with a reduction of active layer thickness. Assuming the absorber's thickness d = 1−5µm, active layer doping NA = 10 17 cm −3 and no extra resistance contribution (RS+ = 0 Ω), the response time stays within a range τs ~ 1−3.08 ns but the diffusion time reaches τdiff = 0.15−2.35 ns, as it is shown in Fig. 4a . The RC constant calculated for the data presented in Fig. 4 (b) reaches τRC ~ 0.14−0.24 ns for d = 1−5 µm, respectively. The dependencies of responsivity and detectivity on absorber's doping and absorber's thickness are presented in Fig. 5 . The maximum detectivity was found at the level of ~ 2.5×10 9 cmHz 1/2 /W for the absorber doping NA = 10 17 cm −3 (that nearly corresponds to NA ~ 3ni being an optimal value where Auger thermal generation reaches its minimal value) for d = 1 µm and for T = 300 K, what is shown in Fig. 5a . The maximum detectivity increases with absorber's thickness and reaches its maximum value for absorber's thickness d ~ 3.5 µm, what is presented in Fig. 5b In the whole simulation of the absorber's contribution, the response time was higher than the diffusion time and RC constant (see Figs. 3a and 4a) . In order to clarify these differences an impact of other constituent layers of the heterojunction on the photodetector's response time was analysed. The dependence of the response time and detectivity on the N + contact layer thickness within a range d = 2−20 µm was calculated. The N + contact thickness marginally contributes to the response time. The N + contact layer must be transparent for IR and must be chosen properly in relation to the active layer regarding its composition and thickness (resistance − mesa structure). Doping must be high ND > 10 17 cm −3 to make the metallization to that layer. The higher composition the slightly higher response time is reached, however xCd marginally contributes to τs , meaning that lowering xCd to a level slightly higher than the active layer enables to decrease τs by ~ 220 ps for the N + contact layer doping ND = 5 × 10 17 cm −3 , what is presented in Fig. 7a . The N + layer xCd has also a marginal influence on detectivity reaching ~ 2.5 × 10 9 cmHz 1/2 /W, what is shown in Fig. 7b . The contribution of the P + barrier composition within a range xCd = 0.2−0.45 to τs and D * was simulated. The P + barrier composition should be at a level of xCd < 0.35 to reach an ultrashort response time τs < 1 ns for an extra series resistance RS+ = 0 Ω, what is presented in Fig. 8a . P + xCd has a significant influence on detectivity, what is shown in Fig. 8b . For P + xCd < 0.4 the detectivity D * decreases rapidly for analysed conditions, its maximum value being D *~ 3.3 × 10 9 cmHz 1/2 /W for xCd = 0.45, whereas for the xCd comparable to the active layer D * reaches ~ 1.25 × 10 9 cmHz 1/2 /W assuming RS+ = 0 Ω. The influence of the P + barrier layer doping within a range NA ~ 5 × 10 15 −5 × 10 17 cm −3 on τs and D * is presented in Figs. 9a and 9b . The shortest response time τs ~ 0.7 ns was reached for NA ~ 5 × 10 17 cm -3 doping being higher than doping of the absorber layer (NA = 10 17 cm −3 ). The P + barrier doping highly influences both responsivity and detectivity characteristics. Once the P + barrier doping increases within a range ND = 5 × 10 15 -5 × 10 17 cm −3 , the detectivity changes from ~ 7.6 × 10 8 to ~3.3 × 10 9 cmHz 1/2 /W. The optimal value of P + barrier layer doping should be greater than NA = 10 17 cm −3 . The influence of the P + barrier layer thickness within a range d = 0.5−3 µm on τs and D * was simulated. Increasing the P + barrier width causes a very small increase in the response time and has also a small effect on both response time and detectivity, what is shown in Figs. 10a and  10b . The response time changes from to ~ 1 to ~ 1.1 ns for d = 0.5−3 µm. The response time τs ≤ 1 ns could be reached for the P + barrier thickness d < 1 µm, for the absorber's doping NA = 10 17 cm −3 assuming no extra RS+. D * stays constant within the analysed P + barrier layer range reaching ~ 2.5 × 10 9 cmHz 1/2 /W. The extra series resistance related to the processing, RS+ , plays a decisive role in increasing the response time. The absorber thickness d = 1 µm and extra series resistance from within a range RS+ = 0−10 Ω were assumed in simulations. The influence of the absorber's doping on the response time is presented in Fig. 12 . The extra RS+= 10 Ω increases the response time more than two times, i.e. for the absorber's NA = 10 17 cm −3 the response time changes within a range τs ~ 2.3−1 ns. 
Conclusion
A structure operating in room temperature enabling to reach the response time τs < 1 ns and detectivity D * > 2 × 10 9 cmHz 1/2 /W was presented. The greatest impact on the response time is that of physical parameters of the active layer and P + barrier layer. Other layers have a marginal influence on both response time and detectivity. An optimal LWIR absorber xCd = 0.19 should meet following requirements: NA > 10 17 and d ≤ 1 µm. N + contact layer thickness d ≥ 10 µm and xCd < 0.35. P + barrier layer xCd ≤ 0.35, doping NA ≥ 10 17 cm −3 and thickness d ≤ 2 µm. Assuming an extra series resistance RS+ = 10 Ω the response time increases to 2.3 ns.
